alpha-tocopherol concentrations were stable for at least 6 days in plasma samples stored at Ϫ20 C, 4 C, and 25 C and in blood samples stored at 4 C and 25 C. For cattle and sheep, the plasma alpha-tocopherol concentrations were also stable for at least 6 days in plasma samples stored at 37 C but decreased (P Ͻ 0.05) in blood samples stored at 37 C by day 6. This decrease was associated with marked hemolysis of the sample, suggesting that hemolyzed samples are unsuitable for vitamin E analysis. Of interest is the significant loss (P Ͻ 0.05) in plasma alpha-tocopherol concentration by day 2 in blood and plasma samples from pigs when stored at 37 C. Why pig samples are more susceptible to vitamin E degradation than those of cattle and sheep is unknown. Whatever the mechanism of the degradation, it is important from an analytical perspective to recognize that it occurs.
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Abstract. Vitamin E (␣-tocopherol) is an antioxidant vitamin important in protecting unsaturated fatty acids in lipid membranes from peroxidation. Variation in collection, storage, and shipping conditions of samples can potentially lead to breakdown of vitamin E prior to analysis. Therefore, the purposes of this project were 1) to determine the stability of vitamin E in refrigerated and frozen porcine liver and serum and 2) to evaluate the effects of red blood cell (RBC) hemolysis on porcine serum vitamin E concentrations. Porcine liver and nonhemolyzed serum were collected and stored refrigerated or frozen. Samples were analyzed for vitamin E immediately or on days 2, 3, 7, or 14. In addition, porcine RBCs were added to normal serum at concentrations from 1 ϫ 10 6 to 1 ϫ 10 9 RBC/ml and hemolyzed by freeze-thaw prior to analysis for vitamin E or products of lipid peroxidation.
Vitamin E appears to be relatively stable in porcine serum and liver for up to 14 days when refrigerated or frozen. However, red blood cell (RBC) hemolysis results in degration of serum vitamin E. When serum is noticeably pink (hemolysis of 1 ϫ 10 8 RBC/ml), the vitamin E concentration is approximately 50% of normal. Vitamin E cannot be detected in serum after very severe hemolysis of whole blood by repeated freeze-thaw. This is possibly due to the initiation of lipid peroxidation. Collection of blood with the anticoagulants citrate, ethylenediaminetetraacetic acid (EDTA), or heparin does not prevent the degradation of vitamin E but in the case of citrate, significantly enhances it.
Vitamin E (␣-tocopherol) is a fat-soluble vitamin, important as an antioxidant and in the functioning of the reproductive and musculoskeletal systems. One role of vitamin E with selenium is to protect cell membrane unsaturated fatty acid molecules from peroxidation. Free radicals such as peroxides, hydroxyl radicals, and superoxides can begin peroxidative degradation of fatty acids including those present in the plasma membranes of RBCs. The lipid radicals that are formed are converted to lipid peroxides and lipid alkoxyl radicals by the iron-catalyzed Fenton reaction. Subsequent fragmentation generates ethane and reactive aldehydes such as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA). These electrophilic aldehydes and the lipid radicals formed by lipid peroxidation are very reactive oxidizing agents that cause permanent damage to the cell membrane. 4 As a free radical scavenger present within cell membranes, vitamin E helps to quench lipid peroxidation, resulting in its own oxidation and degradation. 4 At the Purdue University Animal Disease Diagnostic Laboratory, it was recognized that hemolyzed porcine serum samples and frozen whole blood samples that were subsequently thawed for analysis were either deficient in or had no detectable amounts of vitamin E. Although it has not been previously reported in swine, studies utilizing equine blood have reported that RBC hemolysis can decrease serum vitamin E concentrations up to 33%. 3 In humans, studies have evaluated the stability of vitamin E during blood collection and processing and during longterm storage of serum. These studies have concluded that vitamin E is relatively stable during most collection, processing, and storage conditions (up to many years when frozen at Ϫ70 C), but they do not directly address the stability of vitamin E when hemolysis has occurred. 1, 2, 5, 6 The only study that may be revealing in this instance is one in which human blood samples were not immediately centrifuged to separate the serum but were mailed with ice packs by overnight courier. The sera from these blood samples were then separated and analyzed for vitamin E content. Although no mention was made of presence or absence of hemolysis, there was an 8% decrease in serum vitamin E concentrations as compared with control serum that was immediately centrifuged and separated from the blood cells followed by analysis for vitamin E. 7 Variation in the collection, storage, and shipping conditions of clinical samples can potentially lead to breakdown of vitamin E prior to analysis. Therefore, the purposes of this project were 1) to determine the stability of vitamin E in refrigerated and frozen porcine liver and serum and 2) to evaluate the effects of RBC hemolysis on porcine serum vitamin E concentrations.
A series of experiments was designed. The purpose of the first experiment was to compare vitamin E concentrations in fresh, frozen, and refrigerated samples. Liver and nonhemolyzed serum samples were collected from 3 normal juvenile pigs being fed a 16% protein diet. Blood was collected in 50-ml conical tubes, placed on ice, allowed to clot for 1 hour, and centrifuged, and the serum was collected. Liver and serum samples were analyzed for vitamin E immediately (day 1) or divided into 1 of 4 different groups: 1) refrigerated liver, 2) frozen liver, 3) refrigerated serum, and 4) frozen serum. One-milliliter aliquots of serum were placed into 15ml screw-cap tubes and stored in the refrigerator (4 C) or freezer (Ϫ20 C). Ten-gram liver samples were sealed in plastic bags and stored in the refrigerator or freezer. Refrigerated and frozen (thawed immediately prior to analysis) samples were analyzed on days 2, 3, 7, and 14.
For extracting vitamin E from the samples, 1-ml aliquots of transparent serum or liver homogenate (1 g liver homogenized in 4 ml water for 20 seconds) were placed in 15-ml screw-cap tubes. Proteins were precipitated from the samples with 1 ml of 100% ethanol. Five milliliters of hexane was added to the samples, shaken for 1 minute, and centrifuged for 2 minutes at 400 ϫ g. Four milliliters of the hexane layer was transferred to a disposable borosilicate glass tube and evaporated to dryness under heat (70 C) and nitrogen. Residues were reconstituted with 200 l of methanol : chloro-form (2:1). Dry weights of liver samples were determined by heating a 1-g duplicate of liver in a crucible at 120 C for 2 hours. Liver vitamin E concentrations were calculated on a dry weight basis.
Vitamin E concentrations were determined by high-performance liquid chromatography (HPLC) with fluorescence detection a with a 5-m, 15-cm ϫ 4.6-mm ODS-1 column. b All reagents were of HPLC grade. An ␣-tocopherol standard c was made in methanol : chloroform (2:1).
The system was equilibrated with a mobile phase of methanol : water (95:5) at 1.5 ml/minute. The fluorescence detector was set at 292-nm excitation with detection of an emission of 331 nm. Samples were injected into a injector d equipped with a 20-l injection loop. Injection of samples was followed by an external standard 2 minutes later. Under isocratic conditions, vitamin E in serum/plasma samples peaked at 8.7 minutes. Quantification of vitamin E concentrations was based on the areas under the curves of the samples and standards. Differences between group means were analyzed by a Student's t-test. Groups were considered significantly different if P Յ 0.05.
There were no statistically significant changes in liver vitamin E concentrations from day 1 to 14. The mean vitamin E concentration in the fresh liver (day 1) was 7.1 Ϯ 1.0 ppm (mean Ϯ SEM, n ϭ 3). Vitamin E mean concentrations on day 14 were 6.6 Ϯ 1.0 ppm in refrigerated liver and 8.0 Ϯ 0.7 ppm in frozen liver. Normal liver vitamin E concentrations in juvenile pigs range from 5 to 18 ppm. 10 Although serum vitamin E concentrations decreased in both refrigerated and frozen samples, the decreases were not statistically significant from day 1 to 14. Day 1 serum vitamin E had a mean concentration of 2.1 Ϯ 0.2 (mean Ϯ SEM, n ϭ 3). The day 14 vitamin E concentration for refrigerated serum was 1.4 Ϯ 0.3 ppm and frozen serum was 1.4 Ϯ 0.2 ppm. Normal serum vitamin E levels in juvenile pigs range from 0.9 to 2 ppm. 10 A second, in vitro experiment was designed to evaluate the effects of RBC hemolysis on serum vitamin E concentrations. A preliminary experiment was run to determine the concentration range of RBC/ml that showed the greatest decrease in serum vitamin E concentrations upon hemolysis.
With the use of this information, RBCs from a fresh porcine blood sample (collected with EDTA as an anticoagulant) were added to the aliquots of serum at concentrations ranging from 1 ϫ 10 6 to 1 ϫ 10 9 RBC/ml (Fig. 1) .The concentration of RBCs in normal porcine blood ranges from 5 to 8 ϫ 10 9 RBC/ml. All sera and sera with RBCs added were subjected to 3 freeze-thaw cycles before analysis. After RBC lysis by freeze-thaw, the individual samples were divided into 2 aliquots. One was used for measurement of vitamin E as described above and the other, for determination of lipid peroxidation. In this experiment, the lipid peroxidation products MDA and 4-HNE were measured with a commercial kit f that utilized ultraviolet spectrophotometric quantification at 586 nm. g The vitamin E concentration in transparent serum for the in vitro experiment was 2.0 Ϯ 0.1 ppm. With the addition of 1 ϫ 10 6 RBC/ml, the vitamin E concentration increased to 2.7 Ϯ 0.1 ppm. From 5.5 ϫ 10 6 RBC/ml to 1 ϫ 10 9 RBC/ ml, vitamin E concentrations decreased significantly from ‡ Hemolyzed citrated plasma is significantly less than other hemolyzed sera/plasma (P Յ 0.004).
2.5 Ϯ 0.1 ppm to 0.5 Ϯ 0.04 ppm (P Յ 0.05; Fig. 1 ). Whole blood that had been frozen and thawed had no detectable amounts of vitamin E.
The lipid peroxidation products MDA and 4-HNE remained below the limits of detection until reaching 1 ϫ 10 8 RBC/ml (at this concentration of lysed RBCs, the serum had a noticeable pink tinge). At this point, the concentrations of MDA and 4-HNE increased steadily with increasing numbers of RBCs (Fig. 1 ). Increasing amounts of MDA and 4-HNE correlated with the increasing numbers of hemolyzed RBCs (r ϭ 0.9998). This also correlated with the decreasing 2 v concentrations of vitamin E (r ϭ Ϫ0.76).
v
Lipid peroxidation can be initiated through the iron-catalyzed Fenton reaction. 1 Therefore, the third experiment was to determine if chelation of RBC iron by the anticoagulants citrate or EDTA would inhibit the degradation of vitamin E in hemolyzed blood samples. Whole blood from a normal pig was collected with blood collection tubes containing no anticoagulant, citrate, EDTA, or heparin. h Two tubes of blood from each group were allowed to clot, and serum was separated for immediate analysis of vitamin E. An additional 2 tubes from each group were placed in a freezer at Ϫ20 C, and the RBCs were lysed by 3 cycles of freeze-thaw prior to serum (no anticoagulant) or plasma (anticoagulant) separation and vitamin E analysis as described above.
No significant differences were found between serum and plasma vitamin E concentrations in any group analyzed immediately after collection (Table 1) . However, statistically significant decreases were seen in all groups after lysis of RBCs by freeze-thaw. Of interest was the finding that the greatest degradation of vitamin E was seen in blood samples that used heparin or citrate as the anticoagulant ( Table 1 ). The reason for this apparent anticoagulant effect is not known.
The results of this study demonstrate that vitamin E in porcine liver is stable for up to 14 days, refrigerated and frozen. Although vitamin E in refrigerated and frozen serum samples begins to decrease by 14 days, this decrease was not statistically significant given the sample variation and number of animals used. This finding is in agreement with studies in humans that have shown that vitamin E is also stable in human serum under a variety of conditions. 1, 2, 5, 6 However, in porcine serum and plasma, hemolysis of RBCs results in markedly decreased vitamin E concentrations, possibly through degradation associated with peroxidation of RBC lipid membranes. One similar study has been performed in equine liver and serum, evaluating time-related storage effects on vitamin E concentrations and determining the effects of RBC hemolysis on serum vitamin E. 8 In that study, induction of hemolysis in equine blood had only a 33% decrease in vitamin E (␣-tocopherol). In addition, 1 human study in which whole blood was shipped on ice for approximately 24 hours reported an 8% decrease in serum vitamin E although the presence or absence of hemolysis was not mentioned. 7 Our present study concurs with previous findings that RBC hemolysis results in decreased serum vitamin E. Of clinical importance is that porcine whole blood experienced a 100% decrease in vitamin E concentration when it was very severely hemolyzed by repeated freeze-thaw (Fig. 1) . The reasons for apparent species differences in the degree of vitamin E loss after hemolysis are unknown. However, possible species differences in the lipid composition of RBC membranes (and in the degree of fatty acid saturation) could alter the amount of hemolysis-associated lipid peroxidation and, hence, the amount of vitamin E degradation in different species.
Vitamin E is transported through the blood via lipoproteins and is correlated with the total plasma lipid content and amount of low density lipoprotein. 8 A dynamic equilibrium exists between vitamin E in the erythrocyte membranes and lipoproteins. Approximately 20% of the total vitamin E is present in RBCs. 8 In this in vitro experiment, when 1 ϫ 10 6 RBC/ml and 5.5 ϫ 10 6 RBC/ml were added to the transparent serum, there was an increase of the vitamin E concentration. The increase with 1 ϫ 10 6 RBC/ml (from 2.04 to 2.65 ppm) was 23%. Vitamin E concentrations were not affected by RBC hemolysis until after the RBC concentration was greater than 5.5 ϫ 10 6 RBC/ml. After 5.5 ϫ 10 6 RBC/ ml, vitamin E concentrations steadily decreased to less than 0.5 ppm at 1 ϫ 10 9 RBC/ml (Fig. 1) .
In vitro, the production of MDA and 4-HNE from lipid peroxidation increased slightly from 1 ϫ 10 6 RBC/ml to 1 ϫ 10 8 RBC/ml. However, lipid peroxidation products increased rapidly with the addition of RBCs at concentrations of 1 ϫ 10 8 RBC/ml or greater. These results suggest a mechanism by which the onset of hemolysis causes the elimination of detectable concentrations of vitamin E in serum.
Red blood cells are more vulnerable to peroxidation because of their high content of polyunsaturated fatty acids within the cell membrane and the presence of hemoglobin. 9 The double bonds present in the unsaturated fatty acids are unstable and are susceptible to attack by oxygen radicals. Vitamin E acts as a scavenger to prevent the oxygen radicals from attacking from the exterior side of the membrane and lipid peroxyl radicals from causing chain reactions within the membrane. 9 The loose complex vitamin E forms with oxygen radicals is called a tocopheroxyl radical. 9 Once the tocopheroxyl complex has formed, it cannot be detected by the HPLC method as described above. This can explain the decrease in vitamin E concentration when the RBCs were hemolyzed. Tocopheroxyl has 3 different fates: the radical may 1) scavenge another peroxyl radical forming a stable adduct; 2) react with another tocopheroxyl forming a dimer; or 3) become reduced, for example by ascorbic acid, and regenerated to the corresponding tocopherol. 9 Vitamin E appears to be relatively stable in porcine serum and liver for up to 14 days when refrigerated or frozen. However, RBC hemolysis results in degradation of serum vitamin E. When serum is noticeably pink (hemolysis of 1 ϫ 10 8 RBC/ml), the vitamin E concentration is approximately 50% of normal. Vitamin E cannot be detected in serum after very severe hemolysis of whole blood by repeated freeze-thaw. This is possibly due to the initiation of lipid peroxidation and the formation of tocopheroxyl radicals. Collection of blood with the anticoagulants citrate, EDTA, or heparin does not prevent the degradation of vitamin E but, in the case of citrate, significantly enhances it.
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